Introduction
Fabricating nanoscale patterns with sub-10 nm feature size has been an important research target for potential applications in next-generation memories, microprocessors, logic circuits and other novel functional devices. Typically, according to the International Technology Roadmap for Semiconductor (ITRS) from 2009, an 8.9 nm node device is targeted for the year 2024. To achieve this milestone, liquid immersion lithography and extreme ultraviolet (EUV) lithography can be expected to be among the most commonly used techniques for the fabrication of nanopatterns. With liquid immersion lithography using a wavelength of 193 nm and a high numerical aperture (NA), it has been demonstrated that 32 nm features can be patterned (Finders et al., 2008; Sewell et al., 2009) . EUV lithography using a short wavelength of 13.5 nm and 0.3-NA exposure tool has also enabled the printing of 22 nm half-pitch lines (Naulleau et al., 2009 ). On the other hand, attractive patterning techniques, such as a superlattice nanowire pattern transfer (SNAP) method (Melosh et al., 2003; Green et al., 2007) , a mold-to-mold cross imprint (MTMCI) process (Kwon et al., 2005 ) and a surface sol-gel process combined with photolithography (Fujikawa et al., 2006) , are currently proposed and pursued actively. The SNAP method, which is based on translating thin film growth thickness control into planar wire arrays, has enabled the production of molecular memories consisting of 16 nm wide titanium/silicon nanowires. The MTMCI process using silicon nanowires formed by spacer lithography, in which nanoscale line features are defined by the residual part of a conformal film on the edges of a support structure with the linewidth controlled by the film thickness, has been used to produce a large array of 30 nm wide silicon nanopillars. With the surface sol-gel process combined with photolithography, where the linewidth is determined by the thickness of coating silica layer on the resist pattern, the size reduction and the large area of sub-20 nm silica walls have been achieved. Recently, we have proposed a double nano-baumkuchen (DNB) structure, in which two thin slices of alternating metal/insulator nano-baumkuchen are attached so that the metal/insulator stripes cross each other, as part of a lithography-free nanostructure fabrication technology (Ishibashi, 2003 (Ishibashi, & 2004 Kondo et al., 2008) . The schematic illustration of the fabrication procedure is shown in Fig. 1 . First, the metal/insulator spiral heterostructure is fabricated using a vacuum evaporator including a film-rolled-up system. Then, two thin slices of the metal/insulator nano-baumkuchen 
Fabrication and evaluation method of QC devices

Fabrication method of QC devices
The fabrication method of QC devices is shown in Fig. 2 . First, Ni thin films were thermally evaporated on PEN organic substrates (2 mm width, 10 mm length and 25 m thickness) in a high vacuum chamber at a base pressure of ~10 -8 torr. PEN organic substrates of TEONEX Q65 were supplied by Teijin DuPont Japan and cut down from 5 to 2 mm width using a slitter in a clean environment. A boron nitride crucible N-1, made by DENKA, and a tungsten filament, made by CRAFT, were used for the thermal evaporation of Ni thin films. A heat-block stainless plate with a hole was inserted between the Ni vapor source and the PEN substrate. The length of the crucible and the aperture size in the stainless plate were designed using a geometrical simulation to evaporate uniform Ni films in-plane to PEN substrates. The temperature near PEN substrates was less than 62 °C, which was lower than the glass transition temperature T g of 120 °C for PEN substrates. The pressure during the evaporation was 10 -5 torr and the growth rate was 1.0-1.5 nm/min at an evaporation power of 280-350 W. Then, fabricated Ni/PEN films were sandwiched between two polymethyl methacrylate (PMMA) resins using epoxy. The volume of the PMMA resin was 6 × 3 × 3 mm 3 . The edge of PMMA/Ni/PEN/PMMA structure was polished by chemical mechanical polishing (CMP) methods using alumina (Al 2 O 3 ) slurries with particle diameters of 0.1, 0.3 and 1.0 m. The polishing pressure was 6.5 psi and the platen rotation speed was 75 rpm. Finally, two sets of polished PMMA/Ni/PEN/PMMA structures were prepared and attached together with their edges crossed in a highly clean environment of ISO class minus 1. The attachment pressure was 0.54 MPa and no glue was used. This is a basic process in fabricating QC devices. When Ni/Ni QC devices are fabricated, two Ni thin films are directly contacted with their edges crossed, as shown in Fig. 2(a) . For the fabrication of Ni/NiO/Ni QC devices, after two sets of polished PMMA/Ni/PEN/PMMA structures were prepared, the Ni edge in one of the two samples was oxidized by O 2 plasma at a power of 5 W (= 5 mA and 1 kV) and then the oxidized and the unoxidized Ni edges were attached together with their edges crossed, as shown in Fig. 2(b) . Also, for the fabrication of Ni/P3HT:PCBM/Ni QC devices, after two sets of polished PMMA/Ni/PEN/PMMA structures were prepared, P3HT:PCBM organic molecule blend was sandwiched between two sets of PMMA/Ni/PEN/PMMA structures whose edges were crossed, as shown in Fig. 2(c) . P3HT and PCBM organic molecules were separately dissolved in monochlorobenzene, then blended together with a weight ratio of 1:1 to form a 20 mg/ml solution. This P3HT:PCBM solution was dripped on one of the polished PMMA/Ni/PEN/PMMA structure, then sandwiched by the other of the polished PMMA/Ni/PEN/PMMA structure. These three types of QC devices are shown in Fig. 2 . 
Evaluation methods of Ni/PEN films and QC devices
The Ni thickness was measured by a mechanical method using the stylus surface profiler DEKTAK and an optical method using the diode pumped solid state (DPSS) green laser at a wavelength of 532 nm and the photodiode detector. The surface morphologies of Ni/PEN samples were analyzed by atomic force microscope (AFM) Nanoscope IIIa. The microstructures as well as the Ni/PEN interfacial structures were examined using a JEOL JEM-3000F transmission electron microscope (TEM) operating at 300 kV. The cross-sectional TEM samples were prepared by a combination of mechanical polishing and Ar ion thinning. To reduce the beam-heating effects during ion thinning, the sample stage was cooled to -160 o C by liquid nitrogen conduction cooling. The I-V characteristics of QC devices were measured by a four-probe method at room temperature.
Ni/PEN films used as electrodes in QC devices
3.1 Cross-sectional TEM images of Ni/PEN films Figs. 3(a) and (b) show the cross-sectional TEM images for Ni (20 nm)/PEN films. It can be seen that there is no diffusion of Ni into the PEN layer, resulting in clear and smooth formation of the Ni/PEN interface. Here, it should be noted that some researchers have reported that metal atoms diffuse into organic layers in the process of the metal evaporation onto organic layers (Tarlov, 1992; Hirose et al., 1996; Ito et al., 1999; Dürr et al., 2002) . For example, the metastable atom electron spectroscopy (MAES) spectra of Au on the p-sexiphenyl (6P)/Au system shows that the features of 6P remain even though Au was deposited to about 20 nm thickness (Ito et al., 1999) . This indicates that Au atoms or clusters penetrate into the 6P films. The soft x-ray photoemission spectroscopy (SXPS) investigation of the interface between evaporated indium and perylenetetracarboxylic dianhydride (PTCDA) also demonstrates that the interfacial region is very wide, ranging from 7 to 60 nm, and this means that the metal atoms of indium diffuse into PTCDA organic layers (Hirose et al., 1996) . Moreover, according to studies on the interaction between evaporated Ag and octadecanethiol (ODT) on Au films using XPS, Ag deposited at 300 K migrates through the ODT layer and resides at the ODT/Au interface (Tarlov, 1992) . As compared with above results, such a metal diffusion into organic layers does not occur in Ni/PEN interface. This indicates that Ni thin films on PEN organic substrates are suitable for metal/organic films used in QC devices. It can also be confirmed that the surface of Ni films is smooth, and this smoothness is in good agreement with the results of the AFM observation, where the surface roughness R a is 1.1 nm. Fig. 3(c) shows the electron diffraction (ED) pattern for the same specimen. Ni thin films on PEN films have been shown to be face-centered-cubic structures, which are equal to those in bulk Ni structures. The ED pattern also shows that Ni thin films have polycrystalline structures, which can be recognized from the cross-sectional TEM image of Fig. 3(a) . Thus, Ni /PEN films are suitable for QC devices from the viewpoint of the Ni/PEN interfacial and internal structures. where h (x,y) is the height profile as a function of x and y and L x(y) is the lateral scanning size in the x (y) direction. R a of PEN is 1.3 nm, which is smaller than that of widely-used organic films, such as polyethylene terephthalate (PET) and polyimide. R a of Ni (16 nm)/PEN is also as small as 1.22 nm. In contrast, R a of Au (14 nm)/PEN is as large as 2.53 nm. Fig. 5 shows the surface roughness as a function of the metal film thickness for Ni/PEN and Au/PEN. R a increases up to 3.8 nm for a film thickness of 21 nm for Au/PEN. In comparison, R a decreases slightly down to 1.1 nm with increasing the film thickness for Ni/PEN. Here, we consider the growth mode of Ni/PEN, and discuss their feasibility in QC devices from the viewpoint of the surface roughness. Fig. 6 shows the scaling properties of R a for PEN and Ni/PEN. The inset represents the scaling properties of the root mean square (RMS) surface roughness R q . R q obeys a scaling
, where w(L) is the interface width corresponding to the standard deviation of the surface height, L is the system size and  is the growth scaling exponent. The growth
, has been widely used to characterize the growth of a solid from a vapor, such as the epitaxial growth of Fe/Si (111) (Chevrier et al., 1991) , growth of evaporated Ag/quartz and molecular beam epitaxial growth of CuCl/CaF 2 (111) (Tong et al., 1994) , as described by the Kardar-Parisi-Zhang (KPZ) equation (Kardar et al., 1986) . As for PEN and Ni/PEN,  shows the almost constant value of 0.67-0.68, as seen from the similar roughness slope in any sample. This indicates that the surface morphology of Ni/PEN exhibits almost the same behaviour as that of PEN and these results are consistent with the 3-D AFM observation in Fig. 4 . We have also found that the surface is described as self-affine due to  ≠ , where  is the dynamical exponent in a scaling
Here, t h is a growth thickness. As one can see from This results in ≠ , which shows the self-affine growth and it can also be seen in sputtered copper films (Ohkawa et al., 2002) and evaporated silver films on silicon substrates (Thompson et al., 2004) . The growth process itself of Ni thin films on PEN organic substrates is of great interest and is rich in physics, so detailed work including the dynamic physical mechanism, such as the random deposition and ballistic deposition, will be reported elsewhere. Here, we consider their feasibility in QC devices from the viewpoint of the surface roughness. Since the junction area in QC devices is determined by the film thickness, we need to clarify the surface roughness in the same scanning scale as the thickness size. As shown in Fig. 6 , R a 's of Ni (16 nm)/PEN and PEN are 0.34 nm and 0.44 nm, respectively, which correspond to 2-3 atomic layers, in the scanning scale of 16 nm. This result suggests that the number of molecules sandwiched between two metal thin films in QC devices can be strictly determined in a high resolution of 2-3 atoms by controlling the thickness of Ni thin films and it leads to a high product yield of memory devices and switching devices due to the reduction of the fluctuation www.intechopen.com Lithography-Free Nanostructure Fabrication Techniques Utilizing Thin-Film Edges 575 in a junction resistance. These experimental results indicate that Ni/PEN films are suitable for QC devices from the viewpoint of the surface, interface and internal structures. Fig. 7 shows the Ni thickness dependence of the electric resistivity for Ni thin films on PEN substrates. The electric resistivity  Ni increases with decreasing the Ni thickness d. In order to explain this experimental result quantitatively, we have calculated the electric resistivity using Mayadas-Shatzkes model (Mayadas et al., 1970) . According to Mayadas-Shatzkes model, the electric resistivity  Ni is expressed by
Electric resistivity of Ni/PEN films
where  is the electron mean free path, D is the average grain diameter, R g is the reflection coefficient for electrons striking the grain boundary and  0 is the electric resistivity for bulk Ni. The electron mean free path is 11 nm for bulk Ni. The average grain diameter D is 3 nm, which has been obtained from the high-resolution TEM image and the ED pattern. The reflection coefficient R g is 0.71-0.95, which is the extrapolation value obtained from R g in Ni thin films with the thickness of 31-115 nm (Nacereddine et al., 2007) . From  Fig. 7 , the experimental result shows good agreement with the calculation result quantitatively. This means that the main contribution to the electric resistivity comes from the electron scattering at grain boundaries in Ni thin films on PEN substrates. Here, we discuss the use of Ni thin films on PEN substrates for electrodes of QC devices. As can be seen from Fig. 7 , the electric resistivity of Ni thin films on PEN substrates is 1-2 orders larger than that of bulk Ni. This large resistivity could produce high-resistance electrodes in QC devices. However, as stated in the introduction of this chapter, the electrode resistance can be reduced down since the film width can be controlled to the one as long as ~mm. Fig. 8(a) shows the Ni electrode resistance as a function of the linewidth l, which corresponds to the Ni thickness d, in QC devices. The schematic illustration of QC devices is shown in Fig. 8(b) . In Fig. 8(a) , Ni electrode resistances in the conventional cross-bar structures are also shown. The black solid line, dashed line and dotted line represent Ni electrode resistances estimated in conventional cross-bar structures with aspect ratios of 1:1, 3:1 and 5:1, respectively, where the resistivity is assumed to be the reported value in Ni thin films on glass substrates (Vries, 1987) . The schematic illustration of conventional cross-bar structures is shown in Fig. 8(c) . From Fig. 8(a) , Ni electrode resistances in the conventional cross-bar structures are larger than 0.74, 1.2 and 3.7 M in aspect ratios of 5:1, 3:1 and 1:1, respectively, for a linewidth of less than 20 nm. In contrast, QC devices show electrode resistances as small as 0.3-2 kfor a linewidth of 10-20 nm. This resistance reduction in Ni electrodes makes it possible to detect the resistance of sandwiched materials between two edges of Ni thin films very strictly and precisely and also this result indicates that QC devices have potential application in high-frequency devices. Thus, Ni/PEN films are suited for electrodes in QC devices from the viewpoint of the electrical properties as well as the surface, interface and internal structures. Fig. 9 shows the I-V characteristics for Ni/Ni QC devices fabricated using Ni/PEN films discussed above. The inset shows the experimental setup for the four-probe method. Since the Ni thickness is 17 nm, the cross-sectional area between two Ni thin films is 17×17 nm 2 .
Electrical properties of QC devices
I-V characteristics of Ni/Ni QC devices
As seen from Fig. 9 , the ohmic I-V characteristics have been obtained for both positive and negative bias at room temperature. Fig. 10 shows the aging properties for the voltage with constant currents of 0.1, 0.2, 0.3, 0.5, 0.7 and 1.0 A, respectively. The voltage is stable in any current and the standard deviation V of the voltage is 22-25 mV, which corresponds to the signal-to-noise (SN) ratio of 34-52 dB, where the SN ratio is defined by 20 logV/V. Here, it should be noted that the fabrication of nanojunctions using the film edges had been challenged by other researchers before (Nawate, et al., 2004) . According to their attempts, Co and Ni thin films were evaporated onto glass substrates using vacuum evaporation and then they were cleaved and stuck to each other with their edges crossing. Although the current flowed across the junction, there remained a few problems: that the edge angle had to be inclined at a 15-25 o and the film thickness had to be larger than 50 nm. Furthermore, the current was slightly changed as time passed although the current flowed. In contrast, such problems have not occurred in our experiments, and we have obtained stable ohmic characteristics, where there has been no change with time, for the 17 nm size junction. These experimental results indicate that our method using thin-film edges can be expected to work as a new nanostructure fabrication technology beyond conventional lithography. 
Background of sub-micrometer scale tunnel junctions
Sub-micrometer scale tunnel junctions have attracted much interest due to their potential application in magnetic random access memories (MRAMs), fast detectors of terahertz (THz) and IR radiation and superconducting quantum interference devices (SQUIDs). Magnetic tunnel junctions (MTJs), which consist of two ferromagnetic metals separated by thin insulators, can be expected as ultrahigh-density MRAM devices because of the giant TMR effect at room temperature (Miyazaki et al., 1995; Moodera et al., 1995; Yuasa et al., 2004; Parkin et al., 2004) . CoFeB/MgO/CoFeB MTJs with a small junction area of 0.02 m 2 exhibit a large TMR ratio of 98 %, where a clear current-induced magnetization switching (CIMS) with a low switching current density of 3.6 MA/cm 2 have been observed (Hayakawa et al., 2008) . Antenna-coupled tunnel junction devices, which consist of metal/insulator/metal tunnel junctions coupled to a thin-film metal antenna, can also be expected as fast detectors of THz and IR radiation (Sanchez et al., 1978; Kale, 1985; Hobbs et al., 2005) . Ni/NiO/Ni tunnel junctions with a junction area of 0.16m 2 coupled to thin-film metal antennas can serve as IR detectors and frequency mixers in the 10 m band (Wilke et al., 1994; Fumeaux et al., 1996) . Moreover, much effort has been devoted to the development of sub-micrometer scale SQUIDs, which are very promising devices with a high magnetic flux sensitivity (Rugar et al., 2004; Troeman et al., 2007; Huber et al., 2008; Kirtley et al., 2009) . Aluminum SQUIDs with an effective area of 0.034m 2 display a high flux sensitivity of 1.8×10 -6  0 /Hz 1/2 , where  0 =h/2e is the flux quantum, and operates in fields as high as 0.6 T (Finkler et al., 2010) . Thus, sub-micrometer scale tunnel junctions can find a wide range application in various functional electronic devices. As shown in the previous section, our nanostructure fabrication method using thin-film edges offers a way to overcome the feature size limit of conventional lithography. This method can be extended to fabricating nanoscale tunnel junctions. The realization of nanoscale tunnel junctions leads to the enhancement of the performance in MRAMs, fast detectors of THz and IR radiation and SQUIDs. From this motivation, it is of great importance to fabricate QC devices with tunnel barriers and very meaningful to investigate their J-V characteristics.
Derivation of a formula for J-V characteristics of QC devices with tunnel barriers
We derive a formula for J-V characteristics in QC devices with tunnel barriers, which consist of thin insulating barriers sandwiched between two thin metal films whose edges are crossed, shown in Fig. 11 . The thicknesses of the top and bottom metal films are l z and l y , respectively. The barrier height and the barrier thickness are and d, respectively.
The number of electrons per unit area and unit time from the top to bottom metal is given by 2 0 2 0 where v x is the x-direction velocity, n(v x ) is the number of electrons per unit volume and unit velocity, k x is the x-direction wave number, n(k x ) is the electron density,  is Planck's constant divided by 2 and E is the total energy of electrons, which is expressed by 
where E x , E y and E z are the x, y and z components of the total energy of electrons, respectively, m is the electron mass, k y is the y-direction wave number and n is the positive integer. T(k x ) is the transmission probability of electrons through the barrier. T(k x ) is calculated by the well-known Wentzel-Kramers-Brillouin (WKB) approximation. The potential profile is illustrated in Fig. 11(b) . Here, the electron density is given by 2 00
where f (E) is the Fermi-Dirac distribution function. Substituting Eqs. (5) and (6) in Eq. (4) yields
Since the density of states in the k y direction for the top metal is equal to the solution of onedimensional density of states, the relation between k y and E y is given by
Substituting Eqs. (5) and (8) 
where (x) is the unit step function. The number of electrons per unit area and unit time from the bottom to top metal is also derived in a similar manner. When the positive bias V is applied to the bottom metal, the Fermi-Dirac distribution function is written by f (E+eV). Thus, the number of electrons from the bottom to top metal is
Consequently, we obtain for the net current density J through the barrier 2 22 3 00 1 
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We can calculate J-V characteristics as a function of the metal thickness, the barrier height and the barrier thickness using Eq. (11). Fig. 12 shows the J-V characteristics for Ni/NiO/Ni QC devices at room temperature. Since the Ni thickness is 24 nm, the junction area is 24×24 nm 2 . In Fig. 12(a) , solid circles are experimental data and dashed, solid and dotted lines are calculation results for barrier heights of 0.6, 0.8 and 1.0 eV, respectively, with a constant barrier thickness of 0.63 nm. In Fig. 12(b) , solid circles are experimental data and dashed, solid and dotted lines are calculation results for barrier thicknesses of 0.42, 0.63 and 0.84 nm, respectively, with a barrier height of 0.8 eV. As seen from Fig. 12 , experimental results are in good agreement with calculation results for a barrier height of 0.8 eV and a barrier thickness of 0.63 nm. Since the crystal structure of NiO is a NaCl-type structure with a lattice constant a = 0.42 nm, 2 monolayer of NiO is formed as shown in the inset of Fig. 12 . Here, we discuss the barrier height of NiO insulating layers. The bulk NiO is a charge-transfer insulator, which has been approved by X-ray absorption (Kuiper et al., 1989 ) and X-ray photoemission and bremsstrahlung isochromat spectroscopy (Sawatzky et al., 1984; Elp et al., 1992) . According to these experiments, the energy gap is 4.0-4.3 eV, which agrees with recent calculation results performed using the full-potential linearized augmented plane wave (FLAPW) method within the LSDA(GGA)+U (LSDA, local-spin-density approximation; GGA, generalized gradient approximation; U, on-site Coulomb interation) (Cai et al., 2009) . Since the Fermi energy of NiO is located in the level of 1.0 eV higher than the top of the valence band (Sawatzky et al., 1984) , the barrier height in metal/NiO/metal tunnel junctions is estimated to be 3.0-3.3 eV. However, several researchers have reported that the barrier height in metal/NiO/metal tunnel junctions tends to become smaller than the estimated value of 3.0-3.3 eV (Doudin et al., 1997; Ono et al., 1997; Hobbs et al., 2005) . For example, the barrier height of Ni/NiO/Ni tunnel junctions with a junction area of 0.3 m 2 is as low as 0.18-0.22 eV with a barrier thickness of 2.5 nm (Hobbs et al., 2005) . Electrodeposited Ni/NiO/Co tunnel junctions with a cross section of 0.01 m 2 exhibit a low barrier height of 0.2-0.4 eV with a barrier thickness of 2-3 nm (Doudin et al., 1997) . Thus, the barrier height of NiO thin films is reported to be smaller than that of NiO bulk materials. In our experiments, the barrier height in Ni/NiO/Ni QC devices is also estimated to be as low as 0.8 eV. This means that the derived formula is useful for the evaluation of the barrier height and the barrier thickness in QC devices with tunnel barriers. This fact also indicates that highquality NiO thin films were formed and Ni/NiO/Ni QC devices worked well as nanoscale tunnel devices. Therefore, our method to fabricate nanoscale junctions utilizing thin-film edges can be expected to work as a new technique for the creation of nanoscale tunnel junctions.
J-V characteristics of Ni/NiO/Ni QC devices
I-V characteristics of Ni/P3HT:PCBM/Ni QC devices
In this section, we present I-V characteristics in Ni/P3HT:PCBM/Ni QC devices, which consist of P3HT:PCBM organic molecules sandwiched between two Ni thin films whose edges are crossed. First, we introduce the background of molecular electronic devices and the motivation for fabricating QC devices with organic molecules. Then, we show the theoretical calculation for I-V characteristics of QC devices with organic molecules and compare them with experimental results. Finally, we discuss their possibility for switching devices with high on-off ratios.
Background of molecular electronic devices
Molecular electronics have stimulated considerable interest as a technology that offers the prospect of scaling down device dimensions to a few nanometers and that also promotes a practical introduction to high-density memory applications (Chen et al., 1999; Reed et al., 2001; Chen et al., 2003; Lau et al., 2004; Wu et al., 2005; Mendes et al., 2005; Green et al., 2007) . Especially, in the ITRS 2009 edition, molecular memory devices have been expected as candidates for beyond-CMOS devices since they offer the possibility of nanometerscale components. For examples, Au/2'-amino-4-ethynylphenyl-4'-ethynylphenyl-5'-nitro-1-benzenethiolate/Au molecular devices with a junction area of 30×30-50×50 nm 2 have been fabricated using nanopore methods, and have exhibited a negative differential resistance and a large on-off peak-to-valley ratio (Chen et al., 1999) . Molecular devices, which comprise a monolayer of bistable [2] rotaxanes sandwiched between two Ti/Pt metal electrodes with a linewidth of 40 nm, have also been fabricated using nanoimprint lithography, and have shown bistable I-V characteristics with high on-off ratios and reversible switching properties (Chen et al., 2003) . Moreover, cross-bar molecular devices consisting of a monolayer of bistable [2] rotaxanes sandwiched between top Ti and bottom Si electrodes (16 nm wide at 33 nm pitch) have been fabricated using SNAP methods, and have acted as 160 kbit memories patterned at a density of 100 Gbit/cm 2 (Green et al., 2007) . Thus, molecular electronic devices can be expected as next-generation high-density memories.
As demonstrated in the previous section, our method using thin-film edges provides the fabrication of nanoscale tunnel junctions. This method can be extended to fabricating nanoscale molecular devices. The realization of nanoscale molecular devices leads to the application in next-generation high-density memories. From this motivation, it is of great significance to fabricate QC devices with organic molecules and very interesting to investigate their J-V characteristics.
Theoretical calculation and experimental results of I-V characteristics in Ni/P3HT: PCBM/Ni QC devices
We calculate the I-V characteristics of QC devices with the molecule within the framework of Anderson model (Kondo et al., 2008 (Eastman, 1970; Thompson et al., 2008) . E F is assumed to be 9.071 eV for Ni electrodes (Wang et al., 1977) . Considering H t as a perturbation, we can derive a formula for the I-V characteristics from the top to the bottom electrode using the many-body perturbation technique. As a result, the current flowing from the top to the bottom electrode can be expressed by
where e is the elementary charge and f() is the Fermi-Dirac distribution function. T(B) () is the coupling strength between the top (bottom) Ni electrode and the P3HT:PCBM organic molecule, which is given by
where D T(B) () is a density of states of electrons for the top (bottom) Ni electrode and V T(B) is the coupling constant between the top (bottom) Ni electrode and the P3HT:PCBM organic molecule. Fig. 13(b) shows the calculated I-V characteristics for Ni/P3HT:PCBM/Ni QC devices under the strong coupling limit. V T(B) is assumed to be 10.0 meV, corresponding to  T(B) of 3927 meV. We have obtained the ohmic I-V characteristics with a resistance of 6.7 k.
Fig. 14 shows the experimental results of I-V characteristics for Ni/P3HT:PCBM/Ni QC devices at room temperature. The inset represents the experimental setup. The Ni thickness is 16 nm. Therefore, the junction area is 16×16 nm 2 . We have obtained ohmic characteristics with a junction resistance of 32 . Here, we compare this experimental value with the calculation result. The calculation result has demonstrated that the resistance is 6.7 k, where the junction area is 1×1 nm 2 , which is expected as a size of one P3HT:PCBM organic molecule. The number of the conductance channel is four, taking into consideration the spin degeneracy. On the other hand, in experiments, the junction area of P3HT:PCBM organic molecules is 16×16 nm 2 , which corresponds to 1024 (=4×16×16) conductance channels. Therefore, the junction resistance in a size of 16×16 nm 2 i s c a l c u l a t e d t o b e 2 6  (=6.7k/16/16), which is in good agreement with the experimental value of 32 This result indicates that electrons in nanoscale junctions can transport through the molecules in the ballistic regime without any scattering. This also demonstrates that our method to fabricate nanoscale junctions utilizing thin-film edges can be a useful tool for the creation of nanoscale molecular devices.
Possibility of Ni/P3HT:PCBM/Ni QC devices for switching devices
Finally, we have discussed the possibility of Ni/P3HT:PCBM/Ni QC devices for switching devices with high on-off ratios. Fig. 15 shows the calculated I-V characteristics for Ni/P3HT:PCBM/Ni QC devices under the weak coupling condition. V T(B) is assumed to be 0.2 meV, corresponding to  T(B) of 1.57 meV. From Fig. 15 , the calculated result shows the sharp steps at the positions of the energy level of the P3HT:PCBM organic molecule. The offstate current I 0 is 3.8 pA at the voltage V 0 of 0.03 V, and the on-state current I 1 is 0.57A at the voltage V 1 of 1.03 V. As we estimate the switching on-off ratio, the I 1 /I 0 ratio is found to be in excess of 100000:1. Here, it should be noted that it is essentially important that the junction area is as small as nanometer scale in order to obtain such a high on-off ratio. When the junction area is as large as micrometer scale, the number of molecules sandwiched between the electrodes is large, so the energy level can be broadened. In contrast, when the junction area is as small as nanometer scale, the number of molecule is small, so the energy level can be discrete. This discrete energy level leads to the sharp steps in the I-V characteristics, which can produce such a high switching ratio. Thus, Ni/P3HT:PCBM/Ni QC devices utilizing thin-film edges can be expected to have potential application in switching devices with high on-off ratios. Fig. 15 . Calculated I-V characteristics for Ni/P3HT:PCBM/Ni QC devices under the weak coupling condition.
Conclusions
In this chapter, we have introduced structural and electrical properties of Ni/PEN films used as electrodes in QC devices and I-V characteristics for three types of QC devices. The three types of QC devices are as follows: (i) Ni/Ni QC devices (17 nm linewidth, 17×17 nm 2 junction area), in which two Ni thin films are directly contacted with their edges crossed, (ii) Ni/NiO/Ni QC devices (24 nm linewidth, 24×24 nm 2 junction area), in which NiO thin insulators are sandwiched between two Ni thin-film edges and (iii) Ni/P3HT:PCBM/Ni QC devices (16 nm linewidth, 16×16 nm 2 junction area), in which P3HT:PCBM organic molecules are sandwiched between two Ni thin-film edges. In our study, we have successfully fabricated various types of QC devices with nano-linewidth and nanojunctions, which have been obtained without the use of electron-beam or optical lithography. Our method will open up new opportunities for the creation of nanoscale patterns and can also be expected as novel technique beyond conventional lithography. Furthermore, we have presented the calculation results of the electronic transport in Ni/organic-molecule/Ni QC devices and discussed their possibility for switching devices. According to our calculation, a high switching ratio in excess of 100000:1 can be obtained under weak coupling condition. These results indicate that QC devices fabricated using thin-film edges can be expected to have potential application in next-generation switching devices with ultrahigh on-off ratios.
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